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It has recently been suggested that the neutrino mass hierarchy can be experimentally determined
from the oscillation pattern of atmospheric neutrinos passing through the Earth by measuring the
two-dimensional arrival pattern of neutrinos in energy and zenith angle, in the energy regime of
about 3–20 GeV. ORCA (Oscillation Research with Cosmics in the Abyss) is a study address-
ing the feasibility of such a measurement employing the deep-sea neutrino telescope technology
developed for the KM3NeT project. In the following, the underlying physics and resulting experi-
mental signatures will be discussed and some aspects of the ongoing simulation studies presented.
A preliminary sensitivity estimate derived from a simplified study strongly indicates that an ex-
posure of at least 20 Mton-years will be required to arrive at conclusive results.
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1. Neutrino oscillations and mass hierarchy
All current experimental information on neutrino oscillations can be described correctly within
a theoretical framework containing three neutrino types which have different sets of flavour and
mass eigenstates and different, hence non-zero masses. The flavour eigenstates, denoted να with
α = e,µ,τ , are relevant for weak interactions, i.e. neutrino generation and reactions. The mass
eigenstates (νi with masses mi, i = 1,2,3) govern neutrino propagation through space-time.
The relation between flavour and mass eigenstates is given by the unitary Pontecorvo-Maki-
Nakagawa-Sakata matrix Uαi,
|να〉= ∑
i=1,2,3
Uαi|νi〉 . (1.1)
A commonly used parameterisation of U in terms of three mixing angles θ12,θ13,θ23 and one
complex phase eiδ is given by
U =
1 0 00 c23 s23
0 −s23 c23
 ·
 c13 0 s13e−iδ0 1 0
−s13eiδ 0 c13
 ·
 c12 s12 0−s12 c12 0
0 0 1
 (1.2)
with si j = sinθi j and ci j = cosθi j. Two additional complex phases appear in eq. (1.2) if neutrinos
are Majorana particles. Since the Dirac or Majorana nature of neutrinos is unknown and these
phases are of no significance for the following discussion, they are omitted here.
If the mixing angles and the mass-squared differences ∆m2i j = m2i −m2j are non-zero, neutrino
oscillations are a necessary consequence. For propagation along a path length L through vacuum
the probability Pα→β for a flavour state α to turn into flavour state β can be calculated analytically
from
Pα→β = eipL ∑
i=1,2,3
Uβ ie
−iEitU†iα (1.3)
where t the propagation time, p the momentum and Ei =
√
p2+m2i the energy of mass eigenstate
i. Since the neutrino mass is experimentally constrained to mi . 2eV, we can assume pmi in the
following, hence in particular t = L/c and Ei = p+m2i /(2p). The complex phase e
iδ introduces a
CP-violating difference between oscillation probabilities of neutrinos and antineutrinos. Neglect-
ing these and other sub-leading terms1, the resulting e↔ µ oscillation probability can be written
as
Pe→µ = Pµ→e = sin2 θ23 sin2(2θ13)sin2
(
∆13L
2
)
(1.4)
with ∆13 = ∆m213/(2Eν). A characteristic feature of vacuum oscillations is that they do not depend
on the signs of ∆m2i j, i.e. they do not provide information on the mass ordering of the νi.
For propagation in matter, e.g. through Sun or Earth, the oscillation pattern is modified by
the fact that νe have elastic interaction modes with electrons that are not possible for other flavour
eigenstates: In addition to the t-channel exchange of a Z boson (possible for all neutrino flavours),
elastic νee (νee) scattering can proceed through u (s) channel exchange of a W boson. As a result,
1Note that the identification of sub-leading terms requires the knowledge of the mixing angles (see below).
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the forward scattering amplitude and hence the index of refraction for νe is different from the other
flavours. This effect is described quantitatively by an extra term in the Hamiltonian of the ↪ ↩ν e,
A =±
√
2GFNe with
{
+ for νe
− for νe ,
(1.5)
where GF is the Fermi constant and Ne the number density of electrons in the matter. The presence
of this term modifies eq. (1.4) to
PMe→µ = PMµ→e = sin
2 θ23 sin2(2θ eff13 )sin
2
(
∆eff13 L
2
)
(1.6)
sin2(2θ eff13 ) = sin
2(2θ13) · ∆
2
13
(∆eff13 )2
(1.7)
∆eff13 =
√
[∆13 cos(2θ13)−A]2+∆213 sin2(2θ13) . (1.8)
Note that via eq. (1.8) the oscillation pattern now depends on the sign of ∆13 and is different for
neutrinos and antineutrinos; in particular, we have
PMe→µ(ν ,±∆m213) = PMe→µ(ν ,∓∆m213) . (1.9)
From measurements of atmospheric, solar, reactor and accelerator neutrinos the parameters of
neutrino oscillations are meanwhile rather precisely known (for details see [1]). The mixing angles
are roughly given by sinθ23 = pi/4, sinθ12 = pi/5.4 and sinθ13 = pi/20, where the latter was the
last to be measured about two years ago. The mass differences are about ∆m212 = 7.5× 10−5 eV2
and |∆m223| = 2.4× 10−3 eV2 (the third mass difference is not an independent quantity). The sign
of ∆m212 is known due to matter effects in neutrino propagation through the Sun. The sign of ∆m223,
however, is as yet unknown, leaving two scenarios for neutrino mass ordering, denoted by normal
hierarchy (NH) and inverted hierarchy (IH), respectively (see Fig. 1).
Figure 1.Graphic representation of neutrino masses and
mixing, for the normal hierarchy (left) and the inverted
hierarchy (right). The yellow (red, blue) fractions of
the lines indicate the νe (νµ , ντ ) contents of the mass
eigenstates.
A measurement of the neutrino mass hierarchy – as one of the fundamental parameters of the
Standard Model of particle physics – is an important goal in itself. Beyond that, it would be impor-
tant for easing the experimental determination of the CP-violating phase eiδ in future experiments,
and it could help in interpreting cosmological data and their dependence on the neutrino sector.
2. Measuring the neutrino mass hierarchy with atmospheric neutrinos
Atmospheric neutrinos are mostly generated in pi , K and µ decays in extended air showers ini-
tiated by cosmic ray interactions with nuclei in the Earth atmosphere. In the atmospheric neutrino
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flux [2], νµ and νµ dominate over νe and νe, and at energies beyond a few GeV muon neutrinos
are slightly more abundant than muon antineutrinos.
In order to exploit a matter-induced oscillation effect to distinguish NH and IH, ↪ ↩ν e must be in-
volved. This is in particular the case for νµ ↔ νe transitions which can be assessed experimentally
through measuring the atmospheric νµ and/or the νe event rates as functions of Eν and the oscil-
lation path length, L = |2RE cosϑ | (RE being the Earth radius and ϑ the zenith angle). The effect
is strongest for
√
2GFNe = ∆13 cos(2θ13), where according to eqs. (1.7) and (1.8) sin2(2θ eff13 ) = 1.
This condition is met for Eν ≈ 30GeV/ρ[g cm−3], where ρ is the matter mass density. Typical
Earth densities are between 3g cm−3 for the crust and 13g cm−3 for the inner core (see Fig. 2),
implying that the relevant neutrino energy regime is a few to about 20GeV.
Figure 2. Density profiles of the Earth as traversed by neutri-
nos entering the detector under different zenith angles. Zenith
angles of 180◦ (90◦) correspond to vertically upward (hori-
zontal) neutrino directions. The density data are taken from
the Preliminary Reference Earth Model (PREM) [3].
Since experiments with sufficient target mass to measure precisely the atmospheric neutrino
flux in this energy range are too large to be magnetised, the charge of the lepton ` produced in the
relevant reactions, ↪ ↩ν `N → `±X (N being the target nucleon and X the hadron final-state system),
cannot be measured and hence a distinction between neutrinos and antineutrinos is impossible.
Nevertheless, a measurable net effect remains due to the fact that the νN and νN cross sections
differ significantly in the relevant energy regime, σ(νN)≈ 2σ(νN).
The measurement described above has e.g. been suggested in [4] where the expected differ-
ences between event numbers in the NH and IH scenarios have been calculated in bins of Eν and
ϑ . The resulting “pseudo-significances”, (NNH−NIH)/
√
NNH, are shown in Fig. 3 for `= µ (left)
and ` = e (right). Even though these plots do not include any experimental smearing and assume
an unrealistically optimistic effective detector volume, it becomes obvious that a significant mea-
surement might be possible also under more realistic conditions. Note that some of the patterns are
caused by the inhomogeneous Earth density profile (parametric resonances).
3. The ORCA feasibility study
ORCA stands for Oscillation research with Cosmics in the Abyss and denotes the approach to
perform the measurements discussed in Section 2 with a deep-sea neutrino telescope in the Mediter-
ranean Sea, using the technology developed for the KM3NeT project [5, 6]. Neutrino telescopes [7]
consist of large 3-dimensional arrays of photo-sensors in transparent environments that register the
Cherenkov light of charged secondary particles emerging from neutrino reactions. From the arrival
time of the Cherenkov photons (nanosecond precision) and the positions of the sensors (uncertainty
about 10cm), the direction and energy of the incoming neutrino can be reconstructed.
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Figure 3. Pseudo-significances (NNH−NIH)/
√
NNH per (Eν ,ϑ) bin, for νµ (left) and νe events (right), after
one year of data taking and an assumed effective volume increasing from 2 to 20 Mton for neutrino energies
from 2 to 20 GeV. Perfect experimental resolution and efficiency was assumed. Plots taken from [4].
A detailed feasibility study addressing the prospects of measuring the neutrino mass hierarchy
with a deep-sea neutrino telescope is being prepared by the KM3NeT collaboration2. For this study,
an example detector configuration was chosen with 50 strings, carrying 20 digital optical modules
(DOMs) each (see Fig. 4); each DOM is equipped with 31 3-inch photomultipliers. The distance
between neighbouring strings is 20m, the vertical distance between adjacent DOMs is 6m. The
instrumented volume is 1.75×106 m3, corresponding to about 1.8Mton of sea water. The detector
is assumed to be installed at a water depth of 3.5 km. Apart from the geometrical configuration
(and the corresponding cable lengths), the detector design has been adopted “as is” from KM3NeT.
The technical feasibility of the selected configuration appears likely but will have to be verified by
engineering studies before embarking on a possible future proposal.
The following performance issues are addressed in detailed simulation studies:
• What are the trigger and event selection efficiencies?
• How can neutrino events in the relevant energy range be reconstructed and which resolutions
in Eν and ϑ can be achieved?
• How can the backgrounds be controlled?
• How and how efficiently can the different event classes (in particular νµ and νe) be separated?
• What are the systematic effects and how can they be controlled?
Answers to these question are meanwhile known, even though some are still partial or preliminary.
A consistent picture emerges, indicating that a measurement could be possible but will require
an exposure (effective volume times running time) of roughly 20Mton · year for a significance of
3–5σ . A selection of findings leading to this conclusion is presented in the following.
2A similar study is also pursued in the context of the IceCube neutrino telescope in the deep ice of the South Pole:
Precision IceCube Next-Generation Upgrade, PINGU [8, 9].
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Figure 4. Footprint of the 50 detector strings assumed
in the ORCA feasibility study (left) and artist’s view
of one string (right). Note that the string drawing is
not to scale.
We start by discussing reactions of the type νµN→ µX (“muon channel”) with up-going neu-
trino, i.e. zenith angle ϑ > 90◦. As in KM3NeT, all photomultiplier signals above a noise threshold
(typically 0.3photo-electrons) are sent to shore and processed by an online event filter there. We
find that the filter conditions can be adjusted such that the random background from potassium-40
decays is almost completely suppressed and the event selection efficiency exceeds 50% (90%) for
neutrino energies above 3GeV (6GeV). This result is not surprising as the muon tracks at the rel-
evant neutrino energies are rather short and thus the coincidence time windows can be kept small.
The event reconstruction mostly uses the information of the muon track, which has a length
of about 5m per GeV of muon energy. The event reconstruction yields the muon track length and
direction, the vertex position and a quality parameter, Λ; currently, no attempt is made to recon-
struct the hadronic shower. Well-reconstructed events are selected by cutting on Λ and requiring
the reconstructed vertex to be inside the instrumented volume. For the resulting event sample, the
vertex is reconstructed with an average deviation from the true value of less than 5 m (2.5 m) for
neutrino energies above 3 GeV (15 GeV). In Fig. 5 the effective volume and the direction recon-
struction precision are shown as functions of the neutrino energy. The event selection is almost
fully efficient for Eν > 5GeV, and the mismatch between reconstructed muon and true neutrino
direction is completely dominated by the intrinsic contribution, except at lowest energies.
The energy estimate is currently based on the reconstructed muon track length. This approach
is problematic in cases where the muon leaves the detector volume (“semi-contained events”), or
in events in which a large fraction of Eν goes into the hadronic system X (high y= (Eν−Eµ)/Eν ).
The reconstructed muon energy, ERµ , is shown in Fig. 6 as a function of the true Eµ , for contained
and for semi-contained events. The neutrino energy is estimated by multiplying ERµ with a correc-
tion function f (ERµ ) derived from Monte Carlo simulation. The resulting reconstructed neutrino
energy, ERν , has a median offset from Eν of about 1 GeV at Eν . 6GeV, rising to 3 GeV (10 GeV)
for Eν = 10GeV (20 GeV). Note that for a Gaussian resolution function the quoted median corre-
sponds to 0.67σ . An improvement of the energy resolution is expected from properly taking into
account the hadronic system X ; this is work in progress and results are not yet available. In the
following we will therefore make generic assumptions on the energy resolution.
The main source of background are atmospheric muons, i.e. those that are generated in ex-
tended air showers in the upper hemisphere, penetrate to the detector and are reconstructed as
up-going. Even though the probability for such misreconstruction is tiny, the resulting background
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Figure 5. Left: Effective volume of the ORCA detector as a function of Eν , for all reconstructed and for
the selected events. The instrumented volume is indicated by the dashed line. The volume is given in
units of mass, using the density of sea water. Right: Average angular mismatch between true neutrino and
reconstructed muon direction as a function of Eν , for the same two event classes. The blue symbols show
the mismatch between the true ν and µ directions (“intrinsic angle”).
Figure 6. Muon energy reconstructed from track length,
ER, versus true muon energy. The solid black line (pink
area) show the averages and the 1σ quantiles for semi-
contained events. The black (blue) dashed lines indicate
the same quantities for contained events.
can be large since atmospheric muon events are roughly 6 orders of magnitude more frequent than
neutrino events. In absence of a surrounding detector volume to be used as veto against atmo-
spheric muons (as in the case of PINGU and IceCube), this background source must be removed
at the event selection/reconstruction level. It has been found that this is well possible by applying
cuts on Λ (see above), on the uncertainty of the reconstructed muon direction, β , as well as on the
reconstructed vertex position. Figure 7 shows the distribution of the reconstructed vertex position
in the horizontal plane after Λ and β cuts, for neutrinos and atmospheric muons. A clean separation
of these event samples is possible and the remaining background level can be adjusted to 10% or
even 1% without a prohibitive loss of signal events.
Building on the results presented above, a simplified significance analysis was performed by
generating a large number of “pseudo-experiments” (PEs), i.e. simulated experimental measure-
ments of event distributions in the plane of reconstructed Eν and ϑ . These PEs cover a range of
assumed measurement durations and are generated under the following assumptions:
• the neutrino interactions are generated inside the instrumented volume and at least 15 photo-
multiplier hits are required;
• the true muon direction is used for ϑ (cf. Fig. 5) and a Gaussian uncertainty on Eν between
10% and 30% is applied;
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Figure 7.Reconstructed vertex positions (coloured points) in the horizontal plane for all events reconstructed
as up-going, after Λ and β cuts, for all simulated neutrino events (left), the neutrino events with true Eν <
20GeV (middle) and for atmospheric muons (right). The detector footprint is also indicated. The black
circles denote a possible fiducial volume cut. Note that the atmospheric muons are through-going and do not
have a real vertex in the vicinity of the positions indicated.
• no backgrounds from atmospheric muons or neutrino reactions other than in the muon chan-
nel are considered;
• for each PE, NH or IH is assumed and a set of oscillation parameters (θi j,∆m2i j,δ , see Sect. 1)
is selected according to Gaussian distributions given by the current world averages and un-
certainties of these parameters, but neglecting correlations between them.
Each PE is analysed by performing a log-likelihood fit with the oscillation parameters as free
parameters and assuming both hierarchies in turn. The maximum likelihoods L resulting from
these fits are used to calculate the parameter
Q = ∑
bins
log [L (PE data|NH)]−∑
bins
log [L (PE data|IH)] , (3.1)
which is used to quantify the separability of the NH and IH hypotheses. The main conclusions are:
1. ORCA will significantly constrain ∆m223 and θ23 beyond their current precision but is rather
insensitive to the other oscillation parameters; in particular, no substantial sensitivity to the
CP-violating phase eiδ is found.
2. In turn, the current experimental errors on ∆m223 and θ23 induce a systematic uncertainty, in
particular as the patterns in the (Eν ,ϑ) plane caused by the variation of these parameters
with in their error bounds is similar to the NH/IH difference to be assessed (see Fig. 8). Note
that this systematic uncertainty is automatically accounted for in the statistical analysis.
3. The distribution of the Q values of all PEs is investigated to calculate the significance of a
mass hierarchy measurement as a function of the exposure. The Q distributions are shown in
Fig. 9 (left); the significance, calculated from the distance and the widths of Gaussians fitted
to the NH and IH distributions, is presented in Fig. 9 (right).
Since the assumptions made are realistic, but on the optimistic side, the resulting significances
can be taken as a “best-case scenario” for an analysis of the muon channel only. They are in
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Figure 8. Expected relative differences between event numbers in the NH and IH scenarios (left) and relative
event number modifications for varying ∆m223 (middle) or θ23 (right), respectively.
Figure 9. Left: Q distributions for the NH (blue) and IH (red) scenarios, for exposures between 1Mton ·year
and 20Mton ·year, for a Gaussian Eν resolution with width 25%. Right: Resulting significances as a function
of exposure, for different Gaussian energy resolutions assumed.
fact compatible with the results of a parametric study reported in [10]. We have studied in detail
sources of systematic uncertainty beyond that induced by the errors on the oscillation parameters.
It is found that those caused by the Earth density profiles and the flux shape of the atmospheric
neutrinos are small. A future improvement in the muon channel might be possible by using the
reconstructed y values for ν/ν separation, as suggested in [11].
It has recently been realised that the electron channel, i.e. reactions of the type νeN → eX ,
can contribute substantially to the significance of a neutrino mass hierarchy measurement. In fact
the unsmeared NH/IH pattern (Fig. 3, right) is less striking that in the muon channel, but it is
also less affected by experimental resolution effects. To make best use of this additional analysis
handle, muon and electron events have to be distinguished. It has been shown that in ORCA,
for Eν & 5GeV, more than 80% of all muon and electron events can be classified correctly using
Random Decision Forest techniques. The resulting overall performance of ORCA is still under
investigation.
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A possible future option could be a long-baseline neutrino beam targeted on ORCA. Such a
beam could e.g. be produced in Protvino, as discussed in [12].
4. Conclusions and Outlook
The deep-sea neutrino telescope technology developed in the KM3NeT project could be used
to construct a densely instrumented detector to investigate the neutrino mass hierarchy by measur-
ing the energy and zenith distribution of atmospheric neutrinos. Using the muon channel alone, a
3–5σ significance may be in reach for an overall exposure of 20 Mton·year; including the electron
channel could significantly improve the prospects.
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